Background -Viscoelastic secretions in cystic fibrosis cause impaired mucus clearance and persistence of bacteria within the lung. The abnormal rheology is partly due to the presence of high molecular weight deoxyribonucleic acid (DNA). Recombinant human DNase I (rhDNase) has been shown to depolymerise DNA and thereby reduce the in vitro viscoelasticity of sputum in patients with cystic fibrosis. A phase II double blind placebo controlled study showed that rhDNase improved pulmonary function in patients with cystic fibrosis. The object of the present study was to evaluate the in vivo effects of rhDNase on sputum rheology and to determine whether these were correlated with changes in pulmonary function. Methods -Patients were randomised to receive either placebo or rhDNase 2-5 mg twice daily for 10 days. Sputum samples were collected in sterile containers during screening and during treatment with the study drug. Pulmonary function and rheological analysis were the primary outcomes evaluated. Other parameters assessed were quantitative sputum bacteriology, sputum DNA concentration, and change in molecular mass of DNA polymers.
Abstract
Background -Viscoelastic secretions in cystic fibrosis cause impaired mucus clearance and persistence of bacteria within the lung. The abnormal rheology is partly due to the presence of high molecular weight deoxyribonucleic acid (DNA). Recombinant human DNase I (rhDNase) has been shown to depolymerise DNA and thereby reduce the in vitro viscoelasticity of sputum in patients with cystic fibrosis. A phase II double blind placebo controlled study showed that rhDNase improved pulmonary function in patients with cystic fibrosis. The object of the present study was to evaluate the in vivo effects of rhDNase on sputum rheology and to determine whether these were correlated with changes in pulmonary function. Methods -Patients were randomised to receive either placebo or rhDNase 2-5 mg twice daily for 10 days. Sputum samples were collected in sterile containers during screening and during treatment with the study drug. Pulmonary function and rheological analysis were the primary outcomes evaluated. Other parameters assessed were quantitative sputum bacteriology, sputum DNA concentration, and change in molecular mass of DNA polymers.
Results -The viscoelasticity of the sputum in untreated patients with cystic fibrosis was high and treatment with rhDNase reduced all the rheological parameters measured: dynamic storage modulus (a measure of elasticity), dynamic loss modulus (a measure ofviscosity), and log complex modulus (a measure of mucus rigidity). The calculated cough clearance index was also improved following treatment with rhDNase. These rheological parameters showed a correlation with forced expiratory volume in one second (FEV1) which was improved by a mean (SE) of 13'3 (5-6)% on day 10 of treatment with rhDNase compared with a change of 0-2 (3.1)% in the placebo group. There was no change in bacterial colony counts or sputum DNA concentrations following treatment with rhDNase, but a small decrease in high molecular weight DNA was observed. Conclusions -Patients with cystic fibrosis treated with rhDNase show an improvement in rheological properties and pulmonary function, one of the mechanisms being a reduction in the proportion of high molecular weight DNA. Progressive pulmonary disease is the major cause of morbidity and mortality in cystic fibrosis.'2 Airways obstruction due to highly viscoelastic airway secretions in cystic fibrosis has usually been considered partially responsible for the pulmonary manifestations of the disease. Chronic obstruction is associated with impaired clearance and bacterial persistence, and this coexists with a neutrophil dominated host inflammatory response which is self perpetuating and ultimately leads to lung destruction. Disintegrating neutrophils release high concentrations of extracellular deoxyribonucleic acid (DNA)3 which have been found in purulent sputum in patients with cystic fibrosis at concentrations of 3-14 mg/ml.45 The complexes formed between polymerised DNA strands and mucus glycoproteins contribute to the increased viscoelasticity of purulent secretions in cystic fibrosis. 6 The high viscoelasticity of sputum in patients with cystic fibrosis impairs both cough clearance and mucociliary transport7 and its reduction may therefore have beneficial effects by improving clearance of airway secretions. The value of mucolytic agents which are directed at the mucus glycoproteins has been controversial, and they are now not routinely used in the management of cystic fibrosis.8 For example, aerosol therapy with N-acetylcysteine is associated with irritation of the airways and bronchospasm, and controlled studies with oral preparations have demonstrated no consistent benefits. Recombinant human DNase I (rhDNase) has been shown to depolymerise DNA and reduce sputum viscosity in vitro.'2 The phase normal adults and patients with cystic fibrosis, and that it improved pulmonary function in the latter group." 4 A multicentre double blind placebo controlled short term study performed in the USA showed significant improvements in pulmonary function in patients who received rhDNase." Forced expiratory volume in one second (FEVy) was improved by 10-15% over the 10 day treatment period. A phase II double blind placebo controlled study conducted at our centre produced similar results.'6 A phase III double blind placebo controlled study was conducted in over 50 centres in North America in which 968 patients with cystic fibrosis were randomised to receive either placebo, rhDNase 2-5 mg once daily, or 2-5 mg twice daily for six months. ' A modest reduction in the risk of exacerbations of respiratory symptoms requiring parenteral antibiotics was observed (reduction by 22% and 34% in the rhDNase once daily and twice daily groups, respectively). Pulmonary function was also improved by about 6% over the six month treatment period.
The objective of the present study was to evaluate the effects of rhDNase on sputum rheology in vivo and to determine whether any changes produced were associated statistically with improvements in pulmonary function.
Methods

STUDY DESIGN
A phase II short term double blind placebo controlled study was conducted in the UK. '6 Seventy one patients with cystic fibrosis older than 15 years of age with a forced vital capacity (FVC) of >40% predicted were randomised to receive either rhDNase 2-5 mg twice daily or placebo (150 mmol NaCl, 15 mmol CaCl2) for a period of 10 days followed by a 32 day follow up period. The study drug was delivered using a Pulmo-Aide compressor (DeVilbiss, Somerset, Pennsylvania, USA) in conjunction with an Acorn II jet nebuliser (Marquest, Englewood, Colorado, USA).
The patients were required to have documented evidence of cystic fibrosis either by a sweat sodium concentration of >70 mmol/l by quantitative pilocarpine iontophoresis '8 
Principles
The elastic solid is an energy storing device. When a force is applied there is displacement of the structure and energy is stored within it. The energy is released and the structure reverts to its original state when the force is removed. Therefore, the higher the elasticity or dynamic storage modulus (G') of a substance the greater the amount of energy that can be stored within it for a given degree of displacement which implies a highly developed interlinked structure. Viscosity is that element of a substance that resists flow when a force is applied to it. There is no energy storage and any applied force is dissipated as heat. The higher the viscosity or dynamic loss modulus (G") of a substance the greater the force required to create a given degree of displacement which implies a more "solid structure", whereas a low viscosity suggests a more "liquid structure". The mucus rigidity factor or dynamic complex modulus (G*) is a measure of both elasticity and viscosity and represents the overall stress to strain ratio in a dynamic experiment. A high complex modulus implies a very rigid structure. The viscoelasticity derived cough clearance index (CCI) was also calculated from in vitro relationships derived from model studies of clearance2 22 using G*, G', and G" measured at an angular frequency of 15 8 Hz (100 rad.s-'). The formula used was: tan 81oo = G"oo/G 1 o CCI = 3-44 -(1-07 x logG*,0o + 0-89 x tan 6100) Dynamic oscillatory analysis was utilised for the rheological analysis and is based on the principle that, if a sinusoidally varying stress wave is applied, an output sinusoidal strain wave will be transmitted by the sample in the linear viscoelastic range of the substance. The amplitude ratio and phase lag between the two displacement waveforms allows the various rheological parameters to be calculated. This technique causes minimum perturbation of the test material and allows the structure to be evaluated in its ground state. The technique can analyse structural elements with relatively fast response times and, since the dynamic test involves exposing the substance to a range of frequencies, a complete spectrum of behaviour can be obtained.
Methods
The rheological analysis was performed in a blind manner. The sputum samples were al- Table 1 Mean (SE) pulmonary function in the placebo and rhDNase groups FEVI (7) FVC (7) % change in FEV, % change in FVC 21 in the placebo group and 20 in the rhDNase group. There was no significant difference in baseline pulmonary function between the two groups (table 1). The mean (SE) percentage increase from baseline in FEV, in this group of patients on day 10 of the study was 13-3 (5-5)% in the rhDNase treated group compared with 0-2 (3 1)% in the placebo group (p<0.05). FEV, had returned to baseline by day 42 of the study. FVC was not significantly altered by day 10 of treatment with rhDNase. The baseline characteristics of this 41 patient cohort were similar to those for the overall population of 71 patients. Changes in lung function in the placebo and rhDNase groups of this cohort were similar to those observed following treatment with the study drug in the overall population and in those 30 patients excluded from analysis in the current study. The change in FEV, for the total population was + 13-3% in the rhDNase treatment arm and -0-2% in the placebo group.
SPUTUM RHEOLOGY
The viscoelasticity of sputum in patients with cystic fibrosis before treatment was high: the median dynamic storage modulus (G') was 34-3 (14-4-79-3) N m-2, median dynamic loss modulus (G') was 13-0 (4 2-24 8) Nm-2, and the median log complex modulus (log G*) was 1-67 (1-28-1-96). Sputum rheology was % change in sputum viscosity Figure 2 Histogram of (A) percentage change in sputum elasticity (G') and (B) percentage change in sputum viscosity (G") following 10 heterogeneity in rheological properties of sputum. Two patients who received placebo had increases in G' of >70% compared with two who had a decrease in G' of >70%. There was a decline in G' in all patients treated with rhDNase and the median decrease was 67-7% (fig 2A) . Viscosity (G") was reduced by 59 0% in the rhDNase group and this represented a median reduction of 10-8 (1-8-20-2) Nm-2 in comparison with a median increase of 1 2 (-2 0-3 8) in the placebo group (p<0001). All but two patients who were treated with rhDNase demonstrated a decline in sputum viscosity at day 10 ( fig 2B) . The results for G' and G" measured over the frequency range 0-2-20 Hz were improved in a similar manner. The dynamic complex modulus or mucus rigidity factor (log G*) at an angular frequency of 15 8 Hz was also significantly reduced following treatment with rhDNase (p<0001, fig  3A) . The change of 0-44 log units in G* represented a 30% reduction ( fig 4A) . The changes in sputum viscoelasticity are associated with an improvement in the cough clearance index (CCI). This index is derived from the viscoelastic parameters at an angular frequency of 15 8 Hz and predicts cough clearability. The CCI was (0-95-1-83) for the rhDNase group before treatment ( fig 3B) . This index was significantly improved to 1 95 (1 -36-2-08) following treatment with rhDNase (p<0001). Two patients treated with rhDNase demonstrated a decline in the CCI (fig 4B) .
CORRELATION BETWEEN SPUTUM RHEOLOGY AND PULMONARY FUNCTION
At baseline there was a statistically significant correlation between percentage predicted FEV, and all the rheological parameters for both treatment groups: elasticity (-0 43, p<0005), viscosity (-0 43, p<0 005) and mucus rigidity (-038, p<0 05). The relationships were maintained on day 10 during treatment with the study drug and on day 42 (one month after treatment) for all rheological parameters except for viscosity at treatment day 10. The correlations between percentage change in rheological parameters and change in percentage predicted FEV, for the rhDNase group were:
elasticity (-0-29, NS), viscosity (-0-32, p<0 05), and mucus rigidity (-0-35, p<0 05).
A correlation between percentage predicted FVC and rheological parameters (p<0 05) existed at baseline, and between the FEV1/FVC ratio and the rheological parameters (p<005). However, these weak correlations were not maintained on treatment day 10 or day 42. A statistically significant (p<005) correlation also existed between CCI and percentage predicted FEV, at all the time points evaluated.
There was also a correlation between percentage change in CCI and change in percentage predicted FEV, for the rhDNase group (0A42, p<002). Both rheological parameters and cough clearance were improved in all but two patients who were treated with rhDNase.
The change in FEV, in these two individuals was +4-2% and + 10-9%, respectively. FEV, failed to improve in five patients who received rhDNase despite reasonable decreases in rheological properties of the sputum.
SPUTUM BACTERIOLOGY
Mucoid Pseudomonas aeruginosa was cultured in 58-5% of patients and median colony counts were 1 x 107 colony forming units (cfu)/ml. Non-mucoid P aeruginosa was present in 48-8% of patients (median colony counts were 1 x 1 07 cfu/ml), Staphylococcus aureus was present in 34 2% (median colony counts of 1 x 106 cfu/ml) and Burkholderia cepacia in 9-8% (median colony counts of 1 x 106 cfu/ml). More than one organism was detected in the sputum of some of these patients. There was no significant change in sputum bacteriology before and after treatment with rhDNase. Changes in rheological parameters were not influenced by colonisation with mucoid P aeruginosa.
DNA ANALYSIS (TOTAL DNA CONCENTRATION AND MOLECULAR MASS OF DNA FRAGMENTS)
The concentration of DNA in the sputum was similar in the placebo and rhDNase groups and was unchanged following 10 days of treatment with rhDNase in vivo ( (-0-6, p<0 05) and between the change in DNA ratio and the change in rheology (-0-71, p<0 05). However, in the small number of patients who had sputum DNA analysis there was no overall correlation between change in DNA size, change in rheological parameters, and change in pulmonary function.
Discussion
The improvement of 13-3% in FEV, following treatment with rhDNase in the cohort studied was similar to changes in FEV, in the patients who received rhDNase but were not included in the analysis due to inadequate sputum samples. The results following 10 days of treatment with 2-5 mg rhDNase are similar to those reported for the overall population (13 3%)16 and those observed in the US phase II study (13 8%) . '5 Treatment with rhDNase of patients with cystic fibrosis resulted in a reduction in sputum viscoelasticity with improvements in pulmonary function. The greatest change occurred in sputum elasticity (G') with a median reduction of around 68% whilst a smaller change, of the order of 30%, was seen for the mucus rigidity factor (log G*). Reduction in the rheological parameters may reduce the amount of energy required to fragment the abnormally rigid mucus plug and improve clearance by propulsive expiratory airflows generated by coughing or forced expiratory techniques of physiotherapy. A decrease in the intraluminal secretions will probably be reflected in an improvement in pulmonary function, especially FEV, and the FEV,/FVC ratio. FVC may be improved due to a reduction in mucus plugging. Radioaerosol imaging has shown a trend towards increased homogeneity of aerosol distribution following rhDNase treatment in patients with cystic fibrosis, suggesting that a reduction in intraluminal secretions obstructing the airways does indeed occur. 23 Evaluation of the impact of rheology on mucociliary clearance is difficult in cystic fibrosis due to the role of the other factors such as bacterial toxins, neutrophil elastase, abnormalities in the electrolyte concentration of periciliary fluid, and adequacy of ciliary function. The improvements in the rheological parameters are likely to improve mucociliary clearance and the radioaerosol study also suggested that the rate of clearance from the inner zone of the lung was improved following treatment with rhDNase. Ex vivo studies of mucus transport on the frog palate model have shown that there is a rheological optimum for transport.2"27 At low values of elasticity (0-5 N m-2) mucus is transported at a low rate. Transport rates increased when mucus elasticity was between 5 and 10 N m 2, but further increases in elasticity caused a decrease in transport rates. Overliquefaction of sputum could therefore impair its actual transportability. In one patient sputum elasticity was reduced to the 0-5 N m-2 range and this may explain why his FEV, was only improved by 4% in comparison with the mean improvement of 13%. Treatment with rhDNase resulted in a reduction in the viscoelasticity of sputum in patients with cystic fibrosis to below values observed for sputum from non-cystic fibrosis patients with bronchiectasis (G'21-9N m-2, G" 6-1 Nm-2) 28 The statistical correlation between sputum viscoelasticity and pulmonary function is weak and many other factors undoubtedly are involved. The quantity and location of intraluminal secretions vary from patient to patient and may influence the magnitude of the change in pulmonary function. Cough is a vital mechanism for the clearance of secretions in cystic fibrosis and this clearance may be affected by factors other than mucus rheology such as airway calibre, patient wellbeing, and nutritional status. Surface properties of mucus such as adhesion may also influence the clearance of secretions.
The in vivo results demonstrate only a 10% reduction in large molecular weight DNA (12kb to 2kb) and a 25% increase in low molecular weight DNA following treatment with rhDNase. The large interquartile ranges in all the molecular weight groups for both the placebo and rhDNase treatment groups indicate the considerable heterogeneity of sputum from patients with cystic fibrosis (table 2) . Although the effect on DNA polymers of more than 12 kb have not been evaluated, there is a significant increase in the ratio of low to high molecular weight DNA in the rhDNase treatment group. It is unlikely that DNA hydrolysis is the sole mode of action of rhDNase. Actin released by degenerating neutrophils is found in the sputum of patients with cystic fibrosis in concentrations of 0-1 to 5 mg/ml and forms polymers which are highly viscoelastic.29 Deoxyribonuclease causes depolymerisation of filamentous muscle actin with a concomitant reduction in the viscosity of the filamentous actin/deoxyribonuclease mixture.30 The monomeric actin forms stable 1:1 complexes with deoxyribonuclease which limit its DNA hydrolysing activity.303 Depolymerisation of filamentous actin by rhDNase is a kinetically inefficient process but may contribute to the reduction in viscoelasticity and merits further investigation. Alternatively, the rather small changes in DNA polymer size may be due to inhibition of the DNA hydrolysing activity of rhDNase by actin in the sputum of cystic fibrosis patients. Treatment with rhDNase results in the liberation of cationic proteases that were previously electrostatically bound to anionic DNA polymers.32 Proteolysis may also contribute to the reduction in viscoelasticity observed.
It would appear likely that the beneficial effects of rhDNase, both in terms of improvement in rheological parameters and lung function, may be due to the degradation of high molecular weight DNA in vivo.
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